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The rare top quark decays mediated by a new neutral massive gauge boson that is predicted
in models with extended gauge symmetries are studied. We focus on the processes t → cV, uV
induced at the one loop level, where V = γ, g, by considering different extended models. It is found
that, within a broad range of mass of the new neutral gauge boson, the models predict branching
ratios for the decays in study that are competitive with respect to the corresponding branching
ratios in the standard model. In order to establish bound on our branching ratios, we consider
the recent experimental bounds as mZ′ ≥ 3.8-4.5 TeV, depending on the model, which also impose
restrictions on our calculation. Even in this case, the resulting branching ratios are of the same
order of magnitude as that predicted by the standard model. It should be noted that for the case
of two models studied here, since no experimental bound exists to compare with, the results could
be important, as they are, in the best of cases, two orders of magnitude larger than the predicted
by the standard model.
PACS numbers:
I. INTRODUCTION
It is well known that the top quark decays almost exclusively into a bottom quark and a charged gauge boson,
t→ bW [1], leaving little room to others modes of decay. In the literature these other modes are named rare decays,
which have been of much interest and effort of analysis since they open a window to explore effects of new physics
beyond the standard model (SM). Within the framework of the SM there are some modes of decay of the top quark
to two or three bodies that could occur either at the tree level or at the one-loop level, although they are very
suppressed, have sizable branching ratios [2–4]. In fact, at the one-loop level, the top quark could violates flavor
symmetry through the t→ ujV (uj = u, c; V = g, γ, Z,H) [5, 6], t→ cgg [6] and t→ cc¯c decays [7]; these processes
are strongly suppressed by the Glashow-Iliopoulos-Maiani mechanism. On the other hand, the t → cV decays have
been widely studied in several extensions of the SM. For example, in Two Higgs Doublet Models (THDM) [8, 9], in
Supersymmetric Models [10, 11], in 331 models [12] and independent descriptions of the model [13, 14], among others.
Flavor changing neutral currents (FCNC) in the top quark sector involve transitions that are important for searching
new physics effects, since these are more evident in those process that are strongly suppressed or forbidden in the SM.
In the quark sector of the SM, flavor changing neutral transitions arise at the one loop level. However, in theories
beyond the standard model, FCNC effects can appear at tree level in the presence of a neutral massive gauge boson,
identified in a generically manner as Z ′ [15–21]. The simplest extended model that predicts the existence of a Z ′
boson is based on the extended electroweak gauge group SUL(2)×UY (1)×U ′(1) [22–26]. The search for these extra
neutral gauge bosons at the Large Hadron Collider (LHC) is of current interest. In fact, the latest results on the
search for new spin-1 resonances impose updated lower limits on their masses [27, 28]. The ATLAS Collaboration
reports, with a 95% confidence level in proton-proton collisions at
√
s = 13 TeV, the following bounds [27]: mZ′ > 4.5
TeV for a sequential Z ′ boson, mZ′ > 4.1 TeV for the Zχ boson, mZ′ > 3.9 TeV for the Zη boson and mZ′ > 3.8 TeV
for the Zψ boson. The CMS Collaboration [28] communicates, for the ZS boson, a lower mass limit mZ′ > 4.5 TeV,
and for the Zψ, the respective reported bound is mZ′ > 3.9 TeV.
In this work we study the effects of flavor violation in the quark sector through the t → uγ, cγ, ug, cg processes
mediated by a Z ′ boson. In particular, we are interested in computing the branching ratios of these rare decays and to
contrast them with the related SM predictions. Accordingly, the SM predictions in question are Br(t→ uγ) ∼ 10−16,
Br(t → cγ) ∼ 10−14, Br(t → ug) ∼ 10−14, Br(t → cg) ∼ 10−12 [29, 30]. On the other hand, in several extended
models, the branching ratios for FCNC in top quark decays can be many orders of magnitude larger than the predicted
by the SM, as is presented as follows, where we only show results of some representative models. The THDM [30–32],
gives the results: Br(t→ cγ) ∼ 10−12− 10−6 and Br(t→ cg) ∼ 10−8− 10−4. The Minimal Supersymmetric Standard
Model (MSSM) [33] predicts branching ratios for the t → cγ and t → cg decays of the order of 10−8 and 10−6,
2respectively. Regarding the R-parity violating supersymmetric models (RVSSM) [34], the Br(t → cγ) is of order of
10−5 and the Br(t → cg) is of order of 10−3. The Littlest Higgs Model with T-parity (LHMT) gives the following
results: Br(t → cγ) ∼ 10−7, Br(t → cg) ∼ 10−2 [35], and Br(t → cγ) < 10−9, Br(t → cg) < 10−8 [36]. In relation
to the Left-Right Supersymmetric Model (LRSSM) [37], the Br(t → cγ) is of order of 10−6 and the Br(t → cg) is
of the order of 10−4. As far as the Extra Dimensional Model (EDM) is concern, it is reported the following results:
Br(t → cγ) ∼ 10−6 [38], Br(t → cg) ∼ 10−5 [38], and Br(t → cγ) ∼ 10−10 [39]. There are also estimates on the
branching ratios for the decays t → uγ and t → ug being Br(t → uγ) < 4 × 10−4 and Br(t → ug) < 2 × 10−3,
respectively, that were made in the context of model independent approach [40].
The ATLAS and CMS collaborations have established bounds on the strength of the tuγ, tug, tcγ, and tcg couplings,
as well as for their respective branching ratios, from data collected at LHC in proton-proton collisions at the energies
of mass center of 7 and 8 TeV [41–44]. Specifically, data collected with the ATLAS detector [41], at the energy of
mass center
√
s = 7 TeV corresponding to an integrated luminosity of 2.05 fb−1, lead to the following branching
fractions: Br(t → ug) < 5.7 × 10−5 and Br(t → cg) < 2.7 × 10−4. Later, these results where updated [42] at the
energy of mass center of 8 TeV with an integrated luminosity of 20.3 fb−1. A recent report on the branching fractions
establishes: Br(t → ug) < 4.0 × 10−5 and Br(t → cg) < 20 × 10−5. The CMS collaboration reports upper limits
on the same branching ratios, with a 95% confidence level based on proton-proton collisions at a center of mass
energy of 8 TeV with an integrated luminosity of 19.8 fb−1. Thus, the bounds are Br(t → cγ) < 1.7 × 10−3 and
Br(t→ uγ) < 1.3× 10−4 [43]. We can also mention other results reported by CMS, with 95% CL, on the branching
fractions for the decays t→ ug and t→ cg, being 2.0× 10−5 and 4.1× 10−4, respectively [44]. This analysis is based
on proton-proton collisions at
√
s = 7, 8 TeV, where the integrated luminosity was of 5.0 and 19.7 fb−1, respectively.
The rest of this work has been organized as follows: In Sec. II, we describe the general renormalizable Lagrangian
of neutral currents that includes both kinds of couplings, those that violate and preserve the flavor symmetry, which
is mediated by a Z ′ boson gauge. In Sec. III, we present analytical calculations at the one-loop level for the t → cg
and t→ cγ decays along with their branching ratios. In Sec. IV, the numerical results are discussed. Finally, in Sec.
V, we present the final remarks.
II. THEORETICAL FRAMEWORK
We are interested in calculating the branching ratios for the t → cγ and t → cg decays, which are induced by the
Z ′tc and Z ′tu couplings. In this sense, we focus on the simplest extended model that predicts the existence of a new
neutral massive gauge boson (Z ′): the SUL(2) × UY (1) × U ′(1) extended electroweak gauge group [22, 23, 45]. The
most general renormalizable Lagrangian that includes FCNC, mediated by the Z ′ gauge boson, can be expressed as
LNC =
∑
i,j
[
fiγ
α(ΩLfifjPL +ΩRfifjPR)fj + fjγ
α(Ω∗LfifjPL +Ω
∗
Rfifj
PR)fi
]
Z ′α, (1)
where fi stands for any fermion field of the SM, Z
′
α is the neutral gauge field associated with the gauge boson in
question, and PL,R =
1
2
(1 ∓ γ5) are the chiral projectors. The ΩLfifj and ΩRfifj parameters represent the strength
of the Z ′fifj coupling. In the rest of the paper we will be assuming that ΩLfifj = ΩLfjfi and ΩRfifj = ΩRfjfi .
In order to carry out calculations of the branching ratios, we consider Z ′ gauge bosons arising from different models,
namely: the ZS of the sequential Z model, the ZLR of the left-right symmetric model, the Zχ arising from the breaking
of SO(10)→ SU(5)× U(1), the Zψ that emerges as a result of E6→ SO(10)×U(1), and the Zη appearing in many
superstring-inspired models [46]. The Lagrangian mentioned above includes both flavor-conserving and violating
couplings mediated by the Z ′ boson. The flavor-conserving couplings, ΩLfifi and ΩRfifi , are related with the so-
called chiral charges, QfiL and Q
fi
L , as ΩLfifi = −g2QfiL and ΩRfifi = −g2QfiR (see Table I), where g2 is the gauge
coupling of the Z ′ boson. For the various extended models which we are interested in, the gauge couplings of the Z ′
bosons are of the form
g2 =
√
5
3
sin θW g1λg , (2)
where g1 = g/ cos θW and λg depends of the symmetry breaking pattern, being of the order of O(1) [17, 24]; except
for the sequential Z model whose gauge coupling is g2 = g1; g is the weak coupling constant and θW is the Weinberg
angle.
3TABLE I: Chiral-diagonal couplings of the extended models.
Boson QuL Q
u
R Q
d
L Q
d
R Q
e
L Q
e
R Q
ν
L
ZS 0.3456 -0.1544 -0.4228 0.0772 -0.2684 0.2316 0.5
ZLR -0.08493 0.5038 -0.08493 -0.6736 0.2548 -0.3339 0.2548
Zχ
−1
2
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√
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Zψ
1√
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−1√
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1√
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√
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2
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2
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2
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2
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III. THE t→ uγ, cγ, ug, cg DECAYS
In Fig. 1 it is shown the Feynman diagrams of the t → ujγ, ujg processes induced by a Z ′ boson at the one-loop
level. The Feynman rules involved in the mentioned processes can be extracted from the Lagrangian in Eq. (1). In
specific, the Feynman rules associated with the Z ′tuj and Z
′tt couplings are given as −iγα(ΩLtuj PL+ΩRtuj PR) and
ig2γ
α(QtL PL +Q
t
R PR), respectively. The calculations of the decays in question are carried out in the unitary gauge.
We take the amplitudes which comes from considering flavor violation in only one vertex, as it can be appreciated
in Fig. 1. Once the necessary calculations are done, the invariant amplitude for the t→ ujγ processes, being uj = c, u,
γµ(q), g
a
µ(q)
t(pt) uj(pj)
Z ′
γµ(q), g
a
µ(q)
t(pt) uj(pj)
Z ′
γµ(q), g
a
µ(q)
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Z ′
ujuj
uj uj
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a
µ(q)
t(pt) uj(pj)
Z ′
γµ(q), g
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Z ′
γµ(q), g
a
µ(q)
t(pt) uj(pj)
Z ′
tt
t t
FIG. 1: Feynman diagrams of the t→ ujγ, ujg decays.
can be written as
M(t→ ujγ) = u¯j(pj)σµνqν
(
F tjM + F
tj
E γ
5
)
t(pt) ǫ
∗
µ(q), (3)
where
F tjM =
ieQuk
64pi2mt
∑
uk=uj ,t
[ (
ΩLtukΩLukuj +ΩRtukΩRukuj
)
F1
+
(
ΩRtukΩLukuj +ΩLtukΩRukuj
)
F2
]
, (4)
F tjE =
ieQuk
64pi2mt
∑
uk=uj ,t
[ (
ΩLtukΩLukuj − ΩRtukΩRukuj
)
F3
+
(
ΩRtukΩLukuj − ΩLtukΩRukuj
)
F4
]
. (5)
4As usual, e represents the electric charge of the electron. The different form factors F1, F2, F3 and F4 depend on the
Passarino-Veltman functions and they are explicitly given in the appendix. Notice that the amplitude in Eq. (3) is
finite and gauge invariant. In addition, it should be noted that the amplitude satisfies explicitly the Ward identity,
since the amplitude only contains dipolar transition terms which involve the anti-symmetric tensor matrix σµν . The
t→ ujg decay has a similar structure if it is used g instead of γ, therefore it would be only necessary to replace eQuk
with gsT
a.
The decay width for t→ ujV is
Γ(t→ ujV ) = 1
16πmt
|M(t→ ujV )|2
(
1− m
2
j
m2t
)
, (6)
where mt (mj) is the mass of the t (uj) quark. So, the branching ratio of the t→ ujV decay is
Br(t→ ujV ) = CF m
3
t
8 π
(
1− m
2
j
m2t
)3 (
|F tjM |2 + |F tjE |2
) 1
Γt
, (7)
being CF = 1 (4/3) for γ (g) and Γt is the total width of the t quark decay.
IV. DISCUSSIONS AND RESULTS
We numerically evaluate the branching ratios of the t → uγ, cγ, ug, cg decays in the context of extended models
by using the equation (7). The input values for the parameters are Γt = 1.41 GeV, mt = 173 GeV, mc = 1.275
GeV and sin2 θW = 0.23122 [47]. The Q
u
L and Q
u
R values are given in Table I. For the numerical calculation of the
Passarino-Veltman scalar functions, we use the LoopTools package [48]. In addition, we have also used the values
|Ωtc| = 0.121596 and |Ωuc| = 1.47856×10−3 both calculated at mZ′ = 4.5 TeV, which are updated values with respect
to the estimate obtained for the Z ′tc and Z ′uc couplings in a previous work [49].
The behavior of Br(t→ cγ) and Br(t→ cg) as a function of the Z ′ gauge boson mass for different models is shown
in Fig. 2(a) and Fig. 2(b), respectively. Notice that the maximum value for the Br(t→ cγ) is of the order of 10−12,
it corresponds to the ZS boson, and appears at mZ′ = 2 TeV. For this particle, the estimated branching ratio for
the t → cγ process is two orders of magnitude bigger than the corresponding value found in the SM [29, 30]. We
can also appreciate that for masses in the interval mZ′ = [2, 4] TeV, the branching ratio is one order of magnitude
bigger than the corresponding value estimated in the SM and is of same order for masses mZ′ > 4.5 TeV. In relation
to the other bosons: ZLR, Zη, Zψ and Zχ, hinging on the particle, the Br(t → cγ) varies up to in three orders of
magnitude in the analyzed mass interval. The models that offer discouraging predictions correspond to the Zψ and
Zχ bosons. On the contrary, the ZLR and Zη bosons give better results, by one order of magnitude bigger than the
corresponding estimates of the SM or at least at the same order, depending of the Z ′ boson mass considered. As far as
the Br(t→ cg) is concern, whose behavior is shown in Fig.2 (b), we can see that, again, the ZS boson gives the better
prediction or at least comparable with respect to the SM. In fact, for mZ′ = 4.5 TeV or larger, Br(t→ cg) ∼ 10−12.
The others gauge bosons that offer similar results, yet slightly lower than the ZS one correspond to the ZLR and Zη
bosons. Once again, the Zψ and Zχ bosons predict a branching ratio lower than the SM on a wide range of the Z
′
mass.
The branching ratio corresponding to the t → uγ and t → ug processes can be obtained by using the previous
results in Eq. (6), this is because the branching ratio of the t→ cγ and t→ cg decays have the same structure and it
would only be necessary to change mj by mu. For the analysis of the branching ratios in consideration, we use some
of the data already presented in the t→ cγ and t→ cg analysis, the new inputs to be used are: mu = 0.0022 GeV and
the coupling parameter |Ωtu| = 1.21× 10−2 for mZ′ = 4.5 TeV [49]. The plots of the Br(t→ uγ) and Br(t→ ug) as a
function of the Z ′ boson mass are shown in Figs. 3(a) and 3(b), respectively. As it can be seen, the branching ratios
are two orders of magnitude more suppressed when compared with Br(t→ cγ, cg) for all the analyzed Z ′ bosons along
the mass interval considered. As before, the model that presents better results for both decay widths is the sequential
ZS model. The branching ratios for this case, within a wide range of the mass, are bigger than the respective ones
predicted by the SM and, in the worst scenario is of the same order of magnitude for mZ′ = 6 TeV. In Table II we
show the numerical values of the branching ratios just at mZ′ = 4.5 TeV, for both decays in discussion and for all the
models studied. For comparison purposes, in Table III we present the results for the different decays in question in
the context of several extended models.
Let us mention that it could be interesting to analyze other decays similar to the ones we have studied such as
the t → cZ, uZ, ch, uh decays (h is the SM Higgs boson). However, in order to compute the respective amplitudes
we need to use a similar procedure to the GIM mechanism, for the Ω parameters, to obtain finite amplitudes, but it
results in a severe suppression to the respective branching ratios.
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FIG. 2: Br(t→ cV ) as function of mZ′ , where V = γ, g
TABLE II: Branching ratio of the t→ uγ, ug decays in extended models for mZ′ = 4.5 TeV.
Decay
Bosons
ZS ZLR Zχ Zψ Zη
t→ uγ 6.9004×10−16 4.0010×10−16 1.0266×10−16 1.7110×10−16 2.7378×10−16
t→ ug 3.1293×10−14 1.8144×10−14 4.6558×10−15 7.7598×10−15 1.2416×10−14
TABLE III: The branching ratios of the t→ cγ, cg, uγ, ug decays in some extended models.
Decay THDM MSSM RVSSM LHMT LRSSM EDM
t→ cγ 10−12 − 10−6 10−8 10−5 10−7, < 10−9 10−6 10−6, 10−10
t→ cg 10−8 − 10−4 10−6 10−3 10−2, < 10−8 10−4 10−5
Effective Lagrangian Model
t→ uγ < 4× 10−4
t→ ug < 2× 10−3
V. FINAL REMARKS
Due to its possible connection with physics beyond the standard model, the search for flavor changing neutral
currents that involves rare decays of the top quark is one of the current goals at LHC and also, in general, a topic
of interest in particle physics. In this work we have studied the t → uj V (uj = c, u, and V = γ, g) rare decays
of the top quark mediated by a neutral massive gauge boson, Z ′, predicted in several extensions of the standard
model. Our theoretical framework was established on a general yet simple renormalizable Lagrangian based on the
SUL(2) × UY (1) × U ′(1) extended electroweak gauge group, that includes flavor changing neutral currents. For our
study, we considered five models, from which the Z ′ gauge boson arises, namely: the Sequential Z model, the Left-
Right Symmetric model, the model arising from the SO(10) group when it is broken into the SU(5)×U(1) group, the
model that results from the breaking of E6 → SO(10)× U(1) and the model that appears from diverse superstring-
inspired models. In order to calculate the decays, we resort to the results from a previous work in which the strength
of the Z ′tc and Z ′tu couplings were estimated through the D0 −D0 mixing system.
Although the t → cγ and t → cg decays have been studied in several models, such as the SM, the THDM, the
MSSM or the so called 331 models, we found very few reports in the literature for the t → uγ and t → ug decays.
In this sense, we can say that our estimation for the branching ratios of the mentioned decays comes to extend the
information about the t → uγ(g) decays. Regardless the degree of suppressing of the respective branching ratio, an
estimation of it could be of worth if it is competitive with respect of that found in the SM. That is the case of our
estimation for a wide range of the mass of the Z ′ gauge boson, which was taken as a free parameter.
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FIG. 3: Br(t→ uV ) as function of mZ′ , where V = γ, g
According to our calculations, the branching ratio of the decays in question grows up as the mass mZ′ becomes
smaller. On the other hand, the experimental bounds for this mass is mZ′ > 3.8-4.5 TeV, corresponding to the ZS , Zχ
and Zψ bosons; with not recent experimental reports for the ZLR and the Zη ones. The best results for the branching
ratio of the processes studied here are provided for the ZS boson followed by the ZLR and the Zη bosons, respectively.
Finally, we would like to mention that the recent experimental results on the search for a new neutral gauge boson
by the CMS and ATLAS collaborations indicates that the mass of a Z ′ is large than 3.9 TeV, depending on the
model used. Thus, it seems that the Z ′ physics at the LHC, in the last stage of operation, has a low chance of being
observed, due to its decoupling effects. Moreover, in relation to the Compact Linear Collider, at last stage of its
operation should be very difficult to observe Z ′tc and Z ′tu couplings since the collisions at the center of mass will be
at 3 TeV [50], which is below of the energy for the Z ′ production.
7Appendix
The form factors F1, F2, F3 and F4
F1 =
1
(mt −mj)(mt +mj)2m2Z′
[
m2tmj(mtmj + 3m
2
k − 4m2Z′)(B2 −B3)
+ (m2k −m2Z′)(m2k + 2m2Z′)
(
− 2mt(B2 −B3) +mj(B1 −B2)− m
2
t
mj
(B1 −B3)
)
+m3t
(
−m2k(B1 − 2B2 +B3) +m2Z′(B1 − 4B2 + 3B3)
)
+mtm
2
j
(
m2k(B1 +B2 − 2B3)−m2Z′(B1 + 3B2 − 4B3)
)
+ 2mtm
2
k(m
2
t −m2j)
(
m2j −m2k − 2m2Z′ +mt(mt +mj)
)
C0
−mt(m2t −m2j)(m2k + 2m2Z′ +mtmj)
]
, (8)
(9)
F2 =
1
(m2t −m2j)m2Z′
[
mk(m
2
k −m2Z′)
(
m2t
mj
(B1 −B3)−mj(B1 −B2)
)
+mtmk
(
3(B2 −B3)(2m2Z′ −mtmj)− (m2t −m2j)(2mtmjC0 − 1)
)]
, (10)
(11)
F3 = −F1(mt → −mt), (12)
F4 = F2(mt → −mt), (13)
where
B1 = B0(0,m
2
k,m
2
Z′), (14)
B2 = B0(m
2
t ,m
2
k,m
2
Z′), (15)
B3 = B0(m
2
j ,m
2
k,m
2
Z′), (16)
C0 = C0(m
2
t ,m
2
j , 0,m
2
k,m
2
Z′ ,m
2
k). (17)
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